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Abstract 
 
Charged particle accelerators were originally conceived and developed to explore the mysteries of atom in particular and to 
understand the structure of matter in general.  Starting their journey since birth about 75 years ago, they have led to several 
discoveries, remarkable technological devolvement and useful applications in various walks of human life.  Accelerators 
have evolved in various shapes and sizes, namely, electrostatic accelerators, linear accelerators, cyclotrons, synchrotrons, 
betatrons, storage rings, colliders etc.  They have played fundamental role in our understanding about atom and nucleus, 
nuclear structure, sub-nuclear particles, fundamental forces, etc.  In this paper role of accelerators in research and 
applications will be described with a particular emphasis on the accelerator programmes in India. 
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1. Introduction 
    Particle accelerator is one of the great inventions by scientists in the first half of last century which has revolutionized 
human life, our perception of nature and natural laws and our way of living.  With the quest of the accelerator specialists to 
achieve higher and higher energies and better beam quality, these machines continue to explore new horizons of science, 
develop new technologies and offer new avenues for applications benefitting the human beings.  
    From the time of their invention, the accelerators have, primarily, been used for fundamental studies in nuclear and high 
energy physics.  The first modern accelerator, the cathode ray tube, invented by J. J. Thomson, was used in the discovery of 
electron - one fundamental constituent of matter.  Very recently, the gigantic 27 km circumference underground Large 
Hadron Collider (LHC) at CERN, Geneva, has been operational in the search of Higg’s boson and for related physics. 
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    Particle accelerators are the most powerful microscopes for investigating the finest details of cells, genes, molecules, 
atoms, protons, neutrons, muons, electrons, quarks and, possibly, still undiscovered even more fundamental constituents of 
the universe, such as dark matter and dark energy [1].  Accelerators are the key machines for some invaluable devices, like 
the spallation neutron source, the synchrotron radiation sources etc., capable of taking images at the angstrom (10-10 meter) 
scale with femto-second (10-15 sec) resolution.  It has been established as a powerful tool for research in material science, 
chemistry, molecular biology and life sciences. 
    It is important to note the evolution of accelerator from applications point of view. Generally, the accelerators designed for 
fundamental research in nuclear or particle physics are versatile and of flexible type.  Usually, the design specifications are at 
the edges in terms of beam energy or quality.  In later part of their life these machines found applications in more applied 
research fields, like material science, chemistry or biology.  Then dedicated facilities were developed for more specialized 
areas of research, such as synchrotron radiation, isotope production etc.  Finally, optimized devices have been commercially 
fabricated for a single utilization, e.g., X-ray source for microlithography, compact cyclotron for PET isotope production, 
electron accelerator for radiotherapy etc. 
    Accelerators have now become a commercial tool used in a wide area of industrial and medical applications.  The demand 
of accelerators for the production of radioisotopes used in medical imaging has sustained several accelerator manufacturers 
worldwide over last few decades and has led to the development of dedicated machines specifically for this purpose.  
Accelerators are being used as radiation sources for various purposes, such as, imaging and detection by neutron radiography, 
neutron activation, nuclear resonance absorption, cancer therapy with neutrons, protons and light heavy ions.  Electron 
accelerators or bremsstrahlung x-ray sources are used in several industrial processes to sterilize foods or medical equipments, 
to treat waste or to cure polymers.  Further, there are thousands of accelerators worldwide that are used every day for 
fabrication of semiconductors and high density microchips, mass spectroscopy, cargo x-ray and gamma-ray imaging, 
detection of explosives, drugs, illegal trafficking of nuclear materials etc. 
    In course of the journey over almost a century, development of new accelerators have sometimes been driven by new 
technologies and new materials, and sometimes it has driven the technological development towards cutting edges, like, large 
volume ultra-high vacuum, use of superfluid helium in cryogenics, cryo-coolers, superconducting magnets and radio 
frequency cavities, high power microwave devices, radiation resistant materials, global control systems, advanced 
instrumentation and diagnostics, superfast computing and communication networks, giant data storage and processing 
systems, and so on. 
    Ongoing effort towards the development of accelerators with megawatt beam power is showing hope for a cleaner source 
of nuclear energy and treatment of nuclear waste.  In this paper a general discussion is presented on various applications of 
accelerators, particularly on the possibilities of using accelerators in the field of nuclear technology.  
    India has been developing accelerator technology over the past about four decades.  Accelerators have been constructed for 
carrying out research in nuclear physics, condensed matter physics, material science, radiochemistry, analytical chemistry, 
biology etc.  Also, accelerators have been developed for medical and industrial applications.  Major step in the field of 
accelerator technology was taken in India with the construction of the Variable Energy Cyclotron (VEC) (Fig. 1) at Kolkata 
in early 70s.  It is a national facility being used by scientists from various institutions and universities in the research areas 
mentioned above. 
 
 
 
Fig.1. Room temperature cyclotron (VEC) along with beam lines at VECC 
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2. Applications in Research 
 
2.1. High Energy Physics 
    The progress in particle physics has been directly determined by the development of accelerators of increasing energy.  The 
long list of fundamental particles discovered by high energy accelerators clearly demonstrates the continuing importance of 
accelerators to get a better understanding of structure and properties of the building blocks of matter, quarks and leptons, and 
the forces by which they interact. 
    In their quest for probing the matter at increasingly finer scale, accelerators have enabled physicists to reach ~10-19 m scale 
(corresponding to 7 TeV proton beam at LHC, where 1 TeV=1012 eV and 1 eV=1.6·10-19 Joules) and explain the complicated 
world around us in terms of fundamental particles - the leptons and quarks.  They are characterized by the properties such as 
charge, flavor and color which are responsible for the electromagnetic, weak and the strong interactions.  Accelerators have 
also led to the discovery of the carriers of these interactions, namely, the gluons and the intermediate vector bosons (W and Z 
bosons). 
    The present emphasis for the next major high energy physics experimental facility is on an electron-electron linear collider. 
The synchrotron radiation barrier can be avoided in linear devices, but single pass nature has major implications for 
luminosity.  Two approaches are under consideration: the International Linear Collider (ILC), based on superconducting 
technology and the Compact Linear Collider (CLIC), using room temperature accelerating systems.  The aim is to produce 
very large numbers of tau leptons and D mesons at energies where the properties of these particles can be studied with high 
precision and good understanding of experimental errors. 
 
2.2. Nuclear Physics 
    Enormously large numbers of small and big accelerators have been constructed worldwide for research in nuclear physics. 
Basically, the experimental studies concentrated to explore the structure of nuclei and nuclear spectroscopy.  In India the 
major nuclear physics facilities are the Variable Energy Cyclotron (VEC) at Kolkata and two pelletrons (tandem Van de 
Graaffs) at Mumbai and Delhi.  The largest nuclear physics facility, the superconducting cyclotron (Fig. 2), is currently in the 
commissioning process at VECC. The superconducting cyclotron will provide opportunities to probe the frontier areas in 
nuclear physics around the Fermi energy domain.  The beam energy varies from several to a few tens of MeV per nucleon. 
Several experimental facilities are being developed as a part of the utilization program.  These include a general purpose 
scattering chamber, 4ʌ charged particle detector array, 4ʌ neutron multiplicity detector, TOF neutron detector array and high-
energy gamma detector array.  Moreover, there are facilities for material science, radiochemistry, analytical chemistry 
research etc.  Fig. 3 shows the layout of the beam lines for experiments with the superconducting cyclotron. 
    Interest has recently been growing towards studies of super-deformed nuclei with extremely high angular momenta and 
exotic nuclei far from the beta-stability line.  The high energy projectiles constituting short-lived nuclei far from beta stability 
line are used for such studies.  These projectiles called Radioactive Ion Beams (RIB) are produced using extremely 
sophisticated and precise accelerator systems.  The RIBs are thought to play a decisive role in the astrophysical processes that 
build up heavier elements from lighter nuclei, e.g. in supernovae, and thus helping us to understand our own origin.  They are 
also used within so diverse fields such as atomic physics, materials research, solid state physics, nuclear chemistry and 
medicine.  RIB-based research is expanding rapidly and a number of new accelerator facilities are being constructed all over 
the world including India. 
 
 
Fig. 2. K500 superconducting cyclotron at VECC 
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Fig. 3.  Beam lines layout for the superconducting cyclotron at VECC 
 
    A new generation of high intensity electron accelerators is engaged in the investigation of quark structure of nucleons and 
how they combine into hadrons.  For example, the CEBAF accelerator, which consists of a pair of superconducting RF linear 
accelerators connected to each other by two arc sections containing steering magnets, accelerates electrons to 6 GeV as the 
electron beam makes up to five successive orbits.  Effectively, CEBAF is a linear accelerator, like SLAC at Stanford, that has 
been folded up to a tenth of its normal length.  It is now being upgraded to about 12 GeV energy. 
 
2.3. Astrophysics and Cosmology: 
    Accelerators are playing complementary role to the telescopes in the study of cosmology and astrophysics.  At the energy 
levels of present accelerators and colliders, the processes closer to the origin of the universe are experimented.  At the 
temperatures equivalent to ~100 GeV, one is 10-10 second away from the Big Bang and it is possible to study how the W and 
Z bosons acquired their mass and disappeared from the scene.  Understanding the synthesis of elements in stars (nucleo-
synthesis), features of stellar burning etc. are other current area of research. 
3. Condensed Matter Physics and Material Science 
    For long, conventional X-ray sources and neutrons from nuclear reactors have been the main tools for material science 
research to study the structure and properties of matter.  Accelerator-based radiation sources, e.g., storage rings, spallation 
neutron sources and ion beams are rapidly taking over these conventional tools. 
    Observing the diffraction pattern of a monochromatic radiation by the crystal structure is a powerful technique which 
reveals the basic structure, properties and composition of solid materials, biochemical molecules that control development 
and health of human body.  If the radiation is strong enough, amorphous sample can also be studied.  More detailed 
information is found with decreasing wavelength of the probing radiation.  For very small size objects, lack of repetitive 
feature fails to produce diffraction pattern.  In such cases only synchrotron radiation is used to reveal interaction of electrons 
with the surrounding atoms.  As an example, in Boeing planes, use of glass filled poly-ether-ether-keton resin, developed 
through synchrotron source research, reduced the weight of a Boeing-757 by 30%. 
3.1. Synchrotron Radiation Source 
    The high energy electron beam generated by an accelerator e.g. synchrotron or linac is directed into auxiliary components 
such as bending magnets and insertion devices (undulators or wigglers) in storage rings. They provide strong magnetic fields 
perpendicular to the electron velocity causing angular acceleration and converting part of its energy into light or some other 
form of electromagnetic radiation (Fig. 4). 
    At present, there are many synchrotron radiation centres around the world dedicated for research in a wide variety of 
subjects like biology, physics, chemistry, archeology etc.  Electron storage ring is the main instrument to keep the electron 
beam circulating while actual photon sources are the bending magnets, wigglers or undulators.  The energy of the storage ring 
is chosen to get the desired spectrum, e.g., 1-2 GeV for ultraviolet light and several GeVs for X-rays.   The spectrum of the 
radiation coming out of the individual wiggler can be adjusted by changing the magnetic field strength.  By this method, X-
rays can be generated even with low energy rings.  Fig. 5 shows layout of the storage ring complex, Indus-1 and Indus-2, 
operating at the Raja Ramanna Centre for Advanced Technology (RRCAT), Indore. 
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Fig.4. Schematic layout of a synchrotron radiation source. 
 
 
 
Fig. 5.  Indus-1 and Indus-2 storage rings at RRCAT 
 
  Synchrotron radiation has notable characteristic features: 
 
x High brightness and high intensity, orders of magnitude more than X-rays from conventional tubes 
x High level of polarization (linear or elliptical) 
x High collimation, i.e. small angular divergence 
x Low emittance, i.e. the product of source cross section and solid angle of emission is small 
x Wide tunability in energy/wavelength by monochromatization ( from eV up to MeV range) 
x High brilliance, ~1018 photons/s/mm2/mrad2/0.1%BW, where 0.1%BW denotes a bandwidth 10í3Ȧ centered around the 
frequency Ȧ. 
x Pulsed light emission (pulse durations~ns) 
 
    Major applications of synchrotron light are in the areas of condensed matter physics, material science, biology and 
medicine.  A large fraction of experiments using synchrotron light involve probing the structure of matter from the sub-
nanometer level of electronic structure to the micrometer and millimeter level important in medical imaging.  Synchrotron 
light is an ideal tool for a variety of research experiments and applications such as: 
 
x Structural analysis of crystalline and amorphous materials 
x Powder diffraction analysis 
x Crystallography of proteins and other macromolecules 
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x Magnetic scattering 
x Small angle X-ray scattering 
x X-ray absorption spectroscopy 
x Inelastic X-ray scattering 
x Tomography 
x X-ray imaging in phase contrast mode 
x Photolithography for MEMS structures as part of the LIGA process. 
x High pressure studies 
x Residual stress analysis 
x X-Ray multiple diffraction 
x Photoemission spectroscopy and angle resolved photoemission spectroscopy, etc. 
 
3.2. Spallation Neutron Sources 
    Accelerators are used to produce huge fluxes of neutrons by spallation reaction.  High energy and intense proton beam 
from an accelerator is made to impinge on a heavy metal target like Pb-Bi.  Each incident proton can produce 50-100 
neutrons by spallation reaction.  These neutrons streams after slowing down and collimation etc. become an excellent tool for 
condensed matter and material science research.  Several accelerator-based spallation neutron facilities are operational in the 
world.  Production of intense proton beam of energy about 1 GeV drives the accelerator technologies to a cutting edge.  The 
target technology becomes equally complex. 
    Research utilizing ‘neutron scattering’ has been affecting, tremendously, a variety of commodities of use in our daily life 
like medicines, food, electronics, cars, aircraft etc.  They all have benefitted by neutron scattering research.  Scientists study 
and improve materials used in different products, such as high-temperature superconductors, powerful lightweight magnets, 
aluminum bridge decks, stronger and lighter plastic products etc. 
4. Medical Applications 
    Among the thousands of particle accelerators that are presently working in the world, almost half are devoted to medical 
applications like radioisotope production for medical imaging and cancer therapy with electron and photon beams as well as 
with light and heavy ion beams.  Continuing developments in these areas are scientifically challenging and economically 
promising [2]. 
 
4.1. Radioisotope Production 
    More than a hundred cyclotron centres worldwide are running commercially to produce a large variety of radioisotopes 
used either in medical diagnostics or nuclear medicine.  Table-I gives a list of most widely used radioisotopes produced by 
cyclotrons. 
 
Table-1 
 
18F         Tumours imaging, diagnosis of brain diseases 
67Ga       Diagnosis of cancer and infections 
81mKr     Diagnosis of ventilatory disorders of the lung 
111In      Antibodies label, study of the cerebral fluid 
123I        Studies of the blood flow rate 
201Tl      Myocardial scintigraphy 
 
    Cyclotrons accelerating protons or deuterons in the range of 9-20 MeV energies are dominating in the market of PET 
(Positron Emission Tomography) isotopes: 11C, 13N, 15O and 18F.  Usually, a PET centre has a cyclotron and PET cameras.  
Recently, single cyclotron facilities serving radioisotopes to several PET centres are gaining popularity.  In this context, 30 
MeV proton cyclotrons are more suitable with several beam lines dedicated for producing SPECT (Single Photon Emission 
Computed Tomography) vis-à-vis PET isotopes.  The SPECT isotopes like 67Ga, 201Tl etc. with longer half life (~3 days) are 
more suitable for distributing to distant imaging centres.  Cyclotrons have been engineered to combine reliability and ease of 
maintenance for the bulk production of radiopharmaceuticals.  
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VECC is setting up a 30 MeV, high intensity (500 μA) proton cyclotron facility at a location about 15 km away from the 
main campus.  It will be able to produce two simultaneous beams with different energies and intensities from two opposite 
ports, which will increase its utilization time and flexibility. There will be three beam lines dedicated for production of  
SPECT and PET radioisotopes and fully automated radiochemistry systems for the remote production of 
radiopharmaceuticals from the irradiated target.  Besides, two beam lines will be available for material science research with 
high power (15 kW) proton beam.  Fig. 6 shows the layout of the medical cyclotron beam lines.  
 
 
Fig. 6. Layout of the 30 MeV proton medical cyclotron facility coming up at Kolkata 
 
    About 90% of the nuclear medicine procedures utilize 99mTc, which is produced from the precursor 99Mo.  At present, the 
main source of  99Mo is reactors having large thermal neutron flux.  Isotopes like 125I and 192Ir, used in cancer therapy, are 
also produced through neutron capture in reactors.  The sources of neutrons used in BNCT (Boron Neutron Capture Therapy) 
are also the reactors.  But many of these reactors are approaching towards the end of their useful life.  So, accelerator-based 
spallation neutron sources are being considered as alternative to the reactors.  M/s EBCO, Canada have proposed a cyclotron-
based reaction process for the production of 99mTc. 
4.2. Radiotherapy 
    Since the discovery of X-rays in 1895 by Roentgen, it was realized that it can be used for both diagnostic and therapeutic 
purposes.  The X-rays generated by the tubes were fairly soft and, hence, disadvantageous, because maximum dose would be 
delivered at the skin and rapidly fall off with depth in tissue.  So, there was a continuous search for more penetrating radiation 
right from the beginning of radiation therapy. 
4.3. Conventional Radiotherapy 
    Today, 3-25 MeV electron linear accelerators are used for modern radiotherapy.  They are generally standing wave type, 
where electron acceleration energy is supplied by microwaves generated by a klystron (~GHz).  These accelerators are 
capable of producing: 
 
x Beams of practically monoenergetic electrons, with energies varying between 3-25 MeV and of cross section in the range 
of a few square cm and a few tens of square cm at the treatment distance of about 1 m. 
x Photon beams, obtained by slowing down the electron beam in a heavy target (bremsstrahlung radiation).  These beams 
are characterized by a continuous energy spectrum and cross section similar to electron beams. 
 
    Electrons are more useful for superficial tumors.  High energy photon beam is suitable for deep seated tumors. Efficient 
technique of multiple beam entry point converging to the target is used to maximize the dose in the target and minimize dose 
in surrounding normal tissues. For this purpose, entire accelerating structure needs to rotate around the patient.  RRCAT at 
Indore has been developing microtron type electron accelerators for such applications (Fig. 7).
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Fig. 7.  A microtron-based radiotherapy facility developed at RRCAT, Indore 
4.4. Nonconventional Radiotherapy [3,4] 
    Some tumors, called radioresistant tumors, respond poorly to the photons.  Sometimes even non-radioresistant tumors, 
located near critical body parts, cannot be given a tumorocidal dose because of unavoidable dose to the surrounding normal 
tissues.  Hadron radiotherapy (using energetic neutrons, protons, pions, alphas or heavier ions like carbon, argon etc.) has 
been developed to treat radioresistant tumors and tumors near critical body parts, like spinal cord etc.  Initially, hadron 
radiotherapy was researched using accelerators developed for basic physics experiments.  However, at present there are 
about 35 dedicated accelerator facilities in operation and 22 facilities under construction for hadron therapy.  Hadron 
radiotherapy specially benefits the patients with tumors in the brain and base of the skull region, sarcoma and prostate 
carcinoma. 
    Proton or carbon ion beam has a finite range dependent on energy of the beam.  By appropriate selection of distribution 
of energies, a depth dose curve can be flat at ~100% over the depth of interest and then falls of rapidly at the end to 
virtually zero over a distance ~0.6 mm.  Similarly, lateral fall of dose is also quite steep.  So, the tumor can be irradiated 
more precisely, sparing the surrounding healthy tissues, than the conventional radiotherapy techniques. 
5. Industrial application of accelerators 
5.1. Electron Accelerators: Industrial Processing 
    Accelerated particles, interacting with matter cause excitation or ionization, thereby increasing the chemical reactivity of 
the material.  Thus opens the possibility of various chemical processes.  Energetic electron beams can break up biological 
molecules in an organism.  They promote new bonds which polymerize the plastics.  Many objects of daily use are 
hardened by electron beam, such as, computer discs, shrink packaging, motor car tyres, cables, plastic hot water pipes etc. 
(Table-II).  The electron beam energy is determined by the depth of penetration required, e.g., a few hundred keV for 
surface treatment.  For the treatment of bulk material a beam of several MeV is required to penetrate tens of cm of 
material. 
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Table.2 
Industry
type 
Process Products 
Chemical  Cross-linking  Polyethylene 
Petro-
chemical  
Depolymerization 
Grafting 
Polymerization  
Polypropylene 
Co-polymers 
Lubricants 
Electrical  Cross-linking  
Heat shrink 
memory 
Semiconductor 
modification  
Building instruments, 
Telephone wires, power 
cables, insulating tapes, 
shielded cable, splices, 
Zener diodes, ICs, SCRs 
Coatings 
adhesives  
Curing  
Grafting  
Polymerization  
Adhesive tapes 
Coated paper products 
Wood/plastic 
composites, veneered 
panels, thermal barriers 
Plastics  Cross-linking  Food shrink wrap 
Polymers  Foaming  
Heat shrink 
memory  
Plastic tubing and pipes 
Moulded packaging 
forms 
Rubber Vulcanization  
Green strength  
Graded cure 
Tyre components 
Battery separators 
Roofing membrane 
5.2. Food preservation and Sterilization 
    Electron beams can be used for disinfecting drinking water, treatment of solid wastes, removal of noxious substances, 
treatment of waste gases, medical sterilization, and preservation of food.  A few hundred Gy doses will render most insect 
pests sterile and lead to their death within a few days preventing the deterioration of bulk grain, vegetables and fruits.  A 
dose of 200 Gy will arrest their germination.  Cooked food can be stored for a long time at room temperature if it is packed 
and irradiated with a few hundred Gy dose.  BARC is setting a facility- Electron Beam Centre- at Navi Mumbai for such 
applications.  This facility has several electron accelerators developed indigenously (Fig. 8). 
 
 
 
Fig. 8. An RF linac at Electron Beam Centre, BARC 
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5.3. Ion accelerators: Ion implantation 
    DC accelerators producing ion beams of low energy are essential tool in the manufacture of semiconductors.  The 
implantation of ions at specific lattice sites of the semiconductor and the creation of defects is a highly developed 
technology.  The depth of the implant is controlled by choosing the ion energy which is usually between 2 and 600 keV.  
The species of the ion is selected by standard mass analysis techniques.  Similar methods are now applied for the 
manufacture of superconducting materials where implantation is used to ‘pin’ atomic planes. 
  The present trend is in the direction of higher energy by RF linacs or Radio Frequency Quadrupoles to achieve 
penetration depth exceeding one micron, thus modifying the bulk properties rather than surface, or to synthesize local and 
in-depth oxides or silicides, so as to achieve truly three dimensional semiconductor circuits. 
  Ion implantation can modify material properties like electrical conductivity, surface hardness, corrosion resistance, 
friction coefficient, fatigue behavior, adhesive properties or catalytic behavior.  It is used in automotive industries to 
improve the performance of highly stressed components, like, ball bearings, crankshafts, helicopter rotor shafts, etc. 
5.4. Ion beam processing 
    Heavy ion accelerators are used to produce micro-porous membranes in thin film materials, making holes of diameter 
0.05 mm to 1mm with densities from 1 to 109 pores per cm2, which are used in filters for food industry, porous substrates 
for growing cells or micro organisms for biology or medical research.  Ion beams are also used as precise tools for 
machining plastic surfaces to a depth which is large compared to transverse dimensions of the surface features.
 
5.5. Surface hardening with ion beams 
 
    Ion beams are used for the surface treatment of metals in the engineering industry.  Tungsten, chromium, titanium, 
tantalum, nitrogen, boron, and other ions may be implanted to harden the surface and to avoid corrosion of steel 
components such as ball bearings and cutting tools.  Unlike conventional techniques with chemicals or furnaces, ion beams 
do not heat the surfaces, so further annealing is not required, even the ions can be of metallurgically forbidden atoms and 
can be implanted in a surface layer which will avoid subsequent fissures.  This technique finds application in manufacture 
of control and fuel rods for nuclear reactors and artificial hip or knee joints.  Accelerators used in surface hardening 
produce 5-10 mA beam current of heavy ions at energies in the range of 50-200 keV. 
 
6. Application in Energy Production 
    Three major problems associated with nuclear energy, as generally perceived, are – possibility of severe accidents, long 
term waste disposal and proliferation of nuclear weapons.  The sustained production of energy in a nuclear reactor is 
possible due to the release of about 2.5-2.9 neutrons per fission and a small fraction of delayed neutrons.  However, at least 
in the conventional reactors, there are not enough extra neutrons other than energy production and reactor control.  High 
intensity accelerators had been considered, as early as in 1952, for producing large number of neutrons, which could be 
used in the nuclear fuel cycle, either to breed fissile materials such as 233U or 239Pu or to transmute unwanted long lived 
nuclei present in the nuclear reactor.  Highly intense beams of protons or deuterons can be used to produce neutrons as 
secondary particles by a nuclear reaction.  These neutrons, after necessary, ‘processing’ are available for the desired 
applications.  Spallation reaction is considered to be most favourable nuclear reaction to produce high fluxes of neutrons. 
 
6.1. Accelerator Driven Subcritical Systems 
    Currently, the global warming due to green house effect demands a gross reduction in the use of fossil fuels in near 
future.  In this situation, when there is an urgent need for the development of safer and cleaner way of energy production, 
there is a world-wide effort in the development of accelerator driven subcritical nuclear reactors (ADS)[5], which can be a 
sustainable source of nuclear energy and at the same time can transmute the radioactive waste.  Moreover, with a small 
concentration of fissile 235U in natural uranium, a promising and sustainable way to exploit fission energy would be these 
subcritical systems.  In such systems, accelerators would allow ample production of neutrons through spallation reaction, 
which in turn, would be used for synthesis of fissile nuclei starting from the fertile 238U or 232Th.  The accelerator beam is 
made to impinge upon a heavy metal target inside a reactor-like assembly and with appropriate parameters 50 to 100 
neutrons per incident proton can be produced.  See fig. 9 for the full ADS scheme [6]. 
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Fig. 9. Concept of an ADS assembly.  In this figure the driver accelerator is a group of cyclotrons.  Linac is an equally promising option 
as a driver. 
 
In comparison with the critical reactors, the ADS have following specific characteristics:  
 
x They can guarantee the ‘no criticality accident,’ as the accelerator beam can be withdrawn in very short time.  
Production of spallation neutrons will instantly stop.   However, it is necessary to devise elaborate ways to monitor the 
effective reactivity of the subcritical array. 
x Additional neutrons are available which can be used for the breeding of 233U or 239Pu. 
x Neutrons are also available to transmute long-lived fission products.  Around 2.5 Kg of long-lived fission products can 
be transmuted each year per mA proton beam.  A typical 1GWe reactor produces 4 Kg of 129I and so a 20 mA 
accelerator can transmute annually the waste of 10 reactors [5]. 
 
    With a desired total thermal power of the ADS around 1 GWth, the required beam power is around 10 MW which is 
about an order of magnitude larger than the beam power delivered by the present day accelerators.  The main linac at the 
Los Alamos laboratory in USA delivers the proton beam of highest power.  The 800 m long linac provides 1 ms bunches of 
800 MeV protons with an intensity of 15 mA with a repetition rate of 120 Hz (corresponding duty cycle is 12%) and 
average beam power 1.4 MW.  Here RF-to-beam efficiency is ~55%, line-to-RF efficiency is ~34%, hence line-to-beam 
efficiency is ~19%.  The operational highest power cyclotron is at Paul Scherrer Institute in Switzerland. This 590 MeV 
proton cyclotron has RF-to-beam efficiency ~27%, line-to-RF efficiency ~66%, hence line-to-beam efficiency ~18%.  In 
order to increase the line-to-beam efficiency, superconducting accelerators are proposed to be used. 
 
    The requirements for a high intensity driver accelerator for ADS are as follows: 
x Proton energy should be greater than 600 MeV in order to optimize the number of neutrons produced per MeV incident 
energy. 
x Beam power should be larger than 10 MW, i.e., for 1 GeV protons beam current should exceed 10 mA. 
x Low beam losses to minimize the activation of accelerator structures 
x High beam availability: the reduction of frequency and duration of short-trips is an important requirement for 
accelerators.  If the duration of a trip exceeds the time it takes for the subcritical system to reach thermal equilibrium 
after an input power variation (temperature relaxation time) the ADS structures will be submitted to thermal stress and 
thus increased fatigue. 
 
    Department of Atomic Energy has taken up a robust ADS development programme in India.  The scheme for the 
development of driver accelerators is shown in fig. 10.  Several laboratories are engaged in the relevant R&D activities.  
The accelerator technologies involved in this programme are highly complex and on the cutting edge.  Significant amount 
of initial R&D work has already been done successfully at BARC, RRCAT, VECC and IUAC (New Delhi).   
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6.2. Nuclear Waste Transmutation 
    Accelerators are being explored for transmuting the long-lived radioactive waste from fission reactors into stable or 
short-lived isotopes.  The accelerator for this purpose could be a linac or a cyclotron delivering about 1 GeV proton beam 
of several mA beam current.  This beam in turn will produce copious quantities of neutrons by spallation reaction.  These 
neutrons would be used for transmutation etc.  The long-lived transuranic elements in nuclear waste can, in principle, also 
be fissioned, releasing energy in the process and leaving behind the fission products which are of shorter half life.  This 
would significantly facilitate the disposal of radioactive waste.  The most important long-term radioactive isotopes that 
could advantageously be handled are neptunium-237, americium-241, americium-243 and also the nuclear weapon material 
plutonium-239.  As a result, there will be no weapon material in repository, thus preventing uncontrolled military use of 
plutonium in used fuel and possibility of underground criticality in the repository will be eliminated. 
  The electrical power required to operate the accelerator  should be as low as possible and cost of construction should not 
be disproportionately large as compared to that of the reactor part of the device. 
 
 
 
Fig. 10. Scheme of driver accelerator development for ADS in India 
 
7. Conclusions 
    Accelerator was born less than a hundred years ago but it evolved rather rapidly to its present gigantic form of the Large 
Hadron Collider at CERN.  The technological developments in this field have been rather innovative and phenomenal.  
Accelerators now are used in a variety of fields of research in physics, chemistry, biology, material science, medicine and 
many more.  They play an essential role in medical diagnostics and cancer therapy, industrial processing and will, possibly, 
play a very important role in solving the future energy problem in the form of Accelerator Driven Subcritical Systems. 
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